Abstract-For the nonlinear characteristic of buck dc-dc converter and high demand of dynamic quality and robustness for the converter, a passivity-based control with an adjustable parameter for buck converter is proposed. Based on the nonlinear error model of buck converter, a feedback equivalence system is obtained by the way of coordinate transformation. According to passive theory, the feedback equivalent system is to be passive by adding feedback appropriately. The proof of the passivity of closed-loop system is given. And a Lyapunov function is constructed to guarantee asymptotic stability of closed-loop system. Finally, a passive feedback control law for buck converter is derived. Simulate by designing control circuit in Pspice environment, and the simulative results show that the stability of output voltage is effectively controlled by the proposed control method. The controller has very strong robustness for disturbance caused by load change and input voltage change. And the system dynamic response is improved by adjusting the coefficient of the control law.
INTRODUCTION
Dc-dc switching converter works at switching periodically multiple working modes. Due to the switch turn-on and turn off, the converter is discrete although each working mode is linear and continuous. As a whole, the converter is a strongly nonlinear system. Compared with the linear method based on classical control theory, the nonlinear method to control the converter is more advantageous.
Passivity theory is an analytic technique for nonlinear system control and stability analysis. Over the past ten years, passive control method has developed a lot, which is widely applied to the power electronic system such as inverters [ 1~3], power corrector [4] , motor [5] , quasi-resonant converters [6] , robot manipulator [7, 8] , etc.. Passivity method to control dc-dc converter is also studied. In [9] , a controller is designed based on passivity theory for boost converter, achieving global stability in large signal operation and good disturbance robustness to the input voltage and load. For buck converters with constant-power loads, a proportional-differential controller is derived using a passivity-based technique [10] . The works in [11] for buck converter and in [12] for boost, buckboost converters, the passivity-based controllers are obtained also by building Euler-Lagrange models. The forms of controller are simple and easy to implement. In [13] , a kind of passivity control scheme is derived by constructing the standard chain type structure based on an affine nonlinear model of current conduction mode buck converter. The controller has very strong robustness for disturbance caused by load change.
In this paper, an improved controller of [13] is proposed. The nonlinear error model of buck converter is built and passive. An adjustable parameter is added in the feedback control law to stabilize output voltage and current of the buck converter and to regulate overshoot, steady-state error of system performances as well. The simulation results are reported.
II. NONLINEAR ERROR MODEL OF BUCK CONVERTER
The schematic diagram of buck converter is illustrated in Figure 1 . The equivalent series resistances of the inductor, the capacitor, and the switch, as well as the voltage drop and the cutoff current across the diode and the switch are neglected. Supposing the switch action is instantaneous, the converter will work on two different states in one switching period under continuous conduction mode. Synthesizing the circuit state equations of the two states, the general expression of the buck converter is obtained as follows
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which is control object to be passive.
III. PASSIVITY-BASED DESIGN
The theoretical basis of passive control is actually the Lyapunov method. By applying appropriate feedback control under certain conditions, the closed-loop system is passive. Then construct a positive definite storage function as a Lyapunov function of the closed-loop system to ensure the asymptotic stability at zero initial state. The storage function can be derived by backstepping method. If the control object is equivalent to a series connection of an integrator and a subsystem, the Lyapunov function of the control object can be formed by adding the square of the integrator state variable and the Lyapunov function of the subsystem according to backstepping method.
A. Feedback Equivalent System of Buck Converter
The following describes the process of converting the system (2) into a series system of an integrator and a subsystem. Considering the following nonlinear system
where x∈R n , u and y denote control input and system output respectively, the following theorems are applied.
Theorem 1[14]
If there is a n-r vector function 
The buck converter model (2) can be formed as (3). The relative order of the buck converter is 1, which can be calculated by
. According to theorem 1, find a one dimensional vector function t(x) to meet the condition
. We choose t(x)= kx 2 ，where k is an adjustable parameter. By coordinate transformation
where v is new control input, thus the feedback equivalent system of (2) is deduced to (6) as follows.
Distinctly, the (6) is a series connection of the integrator y and the subsystem z as shown in Figure 2 . Obviously, the output ỹ of (9) satisfies the condition of zero-state detectable property and the system (9) is a minimum phase system. We can get the conclusion as theorem 2. (9) is a minimum phase system, there is a static state feedback as the form (10) such that closed-loop system is passive.
Theorem 2 If system
as an input signal, the closed-loop system consisting of (9) and (10) can be described as By integral operation on both side of (11), it has (12) which is set up to arbitrary v′ . (9) as well as system (6) . Therefore, put (10) into (8) , that is
According to (5), the controller for buck can be described as
Substituting z=kx 2 and y=x 1 in (13), the controller expression of (13) is rewritten as
IV. CIRCUIT SIMULATION In order to explore the feasibility of the proposed method in the actual buck dc-dc converter, we use the Pspice circuit simulation tool to design the circuit structure of the passive controller, as shown in Figure 3 . The amplifier U1A and U2A are all connected as subtraction operational amplifiers. Their input signals are output voltage and inductor current respectively sampling from the buck converter. Their outputs are the error signals about the reference voltage and reference current. The amplifier U3A and U4A are used to scale up the error signals by adjustable resistances R 10 , R 14 . The amplifier U5A is as a adder to output the control signal. With reducing k, the overshoot of the system will be reduced, but the steady state error will be lost in turn. Thus, the value of k can be adjusted to get good dynamic quality in the range of tolerant steady state error.
Considering the load disturbance and input voltage disturbance, let k = 5 and the load resistance vary from 20Ω to 30Ω, the input voltage vary from 48V to 58V at times of 0.8ms and 1.4ms respectively, the output voltage curve are obtained by PSpice simulation as seen in Figure 6 and Figure 7 . It is seen that the proposed passive control strategy has good robustness to load disturbance and input voltage disturbance.
V. CONCLUSIONS
A passive control strategy for buck dc-dc converter is studied. The feedback controller is obtained by making the feedback equivalent system of buck converter passive. The proposed passive control can stability the output of buck converter with fast dynamic response speed and can effectively restrain disturbance of load and input voltage variation. By altering the controller parameter k, the dynamic performances of the buck converter can be adjusted. 
